The enzyme superoxide dismutase is ubiquitous in aerobic organisms where it plays a major role in alleviating oxygen-radical toxicity. An insertion mutation introduced into the iron superoxide dismutase locus (designated sodE) of the cyanobacterium Synechococcus sp. PCC 7942 created a mutant strain devoid of detectable iron superoxide dismutase activity. Both wild-type and mutant strains exhibited similar photosynthetic activity and viability when grown with 17 jmolm-2-s'1 illumination in liquid culture supplemented with 3% carbon dioxide. In contrast, the sodB mutant exhibited significantly greater damage to its photosynthetic system than the wild-type strain when grown under increased oxygen tension or with methyl viologen. Although damage occurs at both photosystems I and II, it is primarily localized at photosystem I in the sodB mutant. Growth in 100% molecular oxygen for 24 hr decreased photoacoustically measured energy storage in 3-(3,4-dichlorophenyl)-1,1-dimethylurea and abolished the fluorescence state 2 to state 1 transition in the sodB mutant, indicating interruption of cyclic electron flow around photosystem I. Analysis of the flash-induced absorption transient at 705 nm indicated that the interruption of cyclic electron flow occurred in the return part of the cycle, between the two [4 Fe-4 SI centers of photosystem I, FA and FB, and cytochrome f. Even though the sodB mutant was more sensitive to damage by active oxygen than wild-type cells, both strains were equally sensitive to the photoinhibition of photosystem II caused by exposure to strong light.
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The photoproduction of a variety of active species of oxygen is inevitable in photosynthetic organisms. Activation of 02 in the oxygen-evolving photosynthetic system can occur primarily through two pathways. The superoxide anion radical (O°) can be produced through the interaction of 02 with electron acceptors of photosystem I (PSI), and singlet dioxygen (102) can result through the interaction of 02 with excited triplet-state chlorophyll in the chlorophyll antennae of PSI and photosystem II (PSII). Photoreduction of 02 by PSI is a common feature of photosynthetic electron flow in chloroplasts and cyanobacteria, particularly when CO2 is limiting to photosynthesis (1, 2) .°2
is not particularly reactive with cellular components but can interact with H202 in a Haber-Weiss type reaction to form the highly reactive hydroxyl radical (OH-). Once produced, the hydroxyl radical can react indiscriminately to cause lipid peroxidation, the denaturation of proteins, and mutational damage to DNA. Therefore, it is imperative to the survival of photosynthetic organisms to scavenge H202 and 0°immediately to prevent photooxidative damage (3) .
Superoxide dismutases (SODs) are metalloenzymes of 17-85 kDa that are ubiquitous in aerobic organisms and function by catalyzing the dismutation ofO2 to H202 and 02. There are three types of SOD, which can be distinguished by the prosthetic metals present at the active site: iron (FeSOD), manganese (MnSOD), and copper/zinc (Cu/ZnSOD). The FeSOD enzyme has been detected in cyanobacteria and other prokaryotes as well as in the plastids of some plants (4, 5) . MnSOD has been detected in some, but not all, cyanobacteria and is also widely distributed among prokaryotic and eukaryotic organisms. In cyanobacteria, the FeSOD is localized in the cytosol, whereas the MnSOD is found in the thylakoid membranes (5) . Sequence homologies suggest that MnSOD and FeSOD evolved from a common ancestral form in early prokaryotes, whereas the Cu/ZnSOD appears to have evolved independently in the green plant line. The Cu/ZnSOD is usually present in the cytosol and some plants also contain a chloroplastic version (6).
All three SOD types are highly reactive with O-, and their activity is substrate-limited under physiological conditions (3) . In plants and cyanobacteria, SOD activity has been shown (4, 7) to change dramatically in response to conditions that favor formation of°-. The role of toxic 02 species in photooxidative damage and cell death has been well established in cyanobacteria (7) .
In the present study, the cloned sodB gene from Synechococcus sp. PCC 7942 (8) has been used to interrupt the native FeSOD gene by the introduction of a spectinomycinresistance gene cartridge into the coding region. The sensitivity of the resulting sodB mutant to oxygen and light has been characterized. ITo whom reprint requests should be addressed.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. 8717 designated pFSP3, was isolated from a dam-Escherichia coli strain and used in subsequent constructions. A 2.0-kb BamHI fragment containing the spectinomycin-resistance gene from pHP45fl (10) was ligated into pFSP3 digested with Bcl I and transformed into E. coli DHSa. The resulting clone, designated pFSP274-3, was used to transform Synechococcus sp. PCC 7942 to spectinomycin resistance by the method of Laudenbach et al. (11) .
SOD Enzyme Activity Assays. Cyanobacterial protein extracts were prepared by harvesting 100 ml of cells by centrifugation at 3500 x g for 5 min. The pellet was washed and resuspended in 3 ml of 50 mM potassium phosphate, pH 7.8/0.5 mM EDTA. This suspension was passed through a French pressure cell at 16,000 psi (1 psi = 6.9 kPa) and centrifuged at 6000 x g for 10 min to remove large debris and unbroken cells. The supernatant was recentrifuged at 100,000 x g for 60 min in a Ti5O fixed-angle rotor (Beckman). The supernatant, designated the soluble protein fraction, was used immediately in SOD assays. The pellet, designated the membrane fraction, was resuspended by sonication in a minimum volume of 50 mM potassium phosphate, pH 7.8/0.5 mM EDTA and immediately used in SOD enzyme assays.
SOD activity was assayed on the ability of SOD to inhibit the O--mediated reduction of nitro blue tetrazolium (12) . MnSOD, which has been reported to be partially or fully insensitive to H202 treatment in cyanobacteria (5), was determined by adding 1 mM H202 and 5 mM potassium cyanide to the reaction mixture. The potassium cyanide was added to inhibit the breakdown of H202 by catalases present in the crude protein extracts. One unit of SOD activity is defined as the amount that decreases the rate of nitro blue tetrazolium reduction by 50%o. The protein content of the cell-free extracts was determined with the bicinchoninic acid protein-assay reagent kit (Pierce).
Measurements of Photosynthetic Electron Flow. Photoacoustic measurements of energy storage associated with photosynthetic electron flow were made in intact cells, as described (13) . The photoacoustic measuring beam was modulated at 150 Hz. A Clark-type oxygen electrode (Rank Brothers, Cambridge, U.K.) was used to measure the rates of photosynthetic oxygen evolution by intact cells suspended in growth medium.
Measurements of Chlorophyll Fluorescence. Induction of chlorophyll fluorescence from PSII was observed in intact cells at room temperature in the presence of 25 ,uM 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU). Actinic light (442 nm) was from a HeCd laser (Liconix, Sunnyvale, CA) at 250 ,umolm-2-s-1. The photomultiplier detector (Photonics R928, Hamamatsu, Middlesex, NJ) was protected by a red glass cut-off filter (RG665, Schott Glass Technologies, Durea, PA). Fluorescence transients were collected and analyzed by using a commercially available microcomputer program and a fast analog-to-digital converter card (QA Data, Turku, Finland) described elsewhere (14) . State transitions were controlled as in Satoh and Fork (15) .
Light-Induced Absorbance Changes. Light-induced absorbance transients were observed in intact cells at room temperature with a laboratory-built spectrophotometer combined with a digital signal averager (model 1010; Nicolet). Measurements of cytochromes f and c553 at 420 nm were made as described (11) . For measurements of P700 at 705 nm, the spectrophotometer was operated in split-beam mode, and the measuring beam was modulated by a mechanical chopper at 150 Hz. The signal from the reference photomultiplier was subtracted from the sample photomultiplier signal by a lock-in amplifier (SR510; Stanford Research Systems, Sunnyvale, CA) before being fed into the signal averager. The actinic lamp was fitted with blue and blue-green glass filters (Corning 5-59 and 4-98) for these measurements, and the sample photomultiplier was protected by a red glass cut-off filter (RG 695 (Fig. 2) . In these measurements, the slope ofthe light-induced decrease in absorbance at 705 nm was interpreted to indicate the rate of P700 oxidation, the extent of the light-induced decrease in absorbance was interpreted to represent the quantity of photooxidizable P700, and the slope of the initial, approximately linear increase in absorption after the actinic flash was calculated to represent the rate ofreduction ofP700 in darkness by reduced pools of cytochrome c553, cytochromef, and other native electron donors to P700. These measurements were made in the presence of 25 ,uM DCMU, which abolishes electron flow from PSII. The effects of 02 treatment in weak light on the characteristic features of the 705-nm absorbance change is summarized in Table 3 . In the wild-type strain, only the rate of dark reduction of P700 decreased with treatment. In the sodB mutant, the dark reduction rate decreased more strongly than in the wild-type strain, and the oxidation rate and quantity ofphotooxidizable P700 also decreased.
The above experiments were also done by adding 50 ,uM methyl viologen (Table 4 ). The weak light in these treatments was changed to 10 ,umol'm-2-S1 orange light (633 nm, 12-nm half-bandwidth), and the duration of the treatment was decreased to 4 hr. Although rates of dark reduction decreased in both strains, a more significant decrease was observed in the sodB mutant. The quantity of oxidizable P700 was unchanged in both strains, and the rate of oxidation was increased to a similar extent in both strains due to a decreased rate of simultaneous reduction.
Photoinhibition of PSII in the sodB Mutant. Photoinhibition of PSII by strong light has been proposed to occur by several hypothetical mechanisms, some of which include a role for 0° (17, 18) . To test whether FeSOD has a role in protecting PSII from photoinhibition, samples ofthe wild-type and sodB strains were subjected to 600 ,mol-M-2-S1 of narrow-band orange light (627 nm, 12-nm half-bandwidth) in chloramphenicol at 100 ,ug/ml and were sparged with 5% CO2 in air during treatment. In intact cells, these conditions are known to cause rapid inactivation and degradation of the D1 protein of PSII (photoinhibition) while simultaneously abolishing the ability of the cell to synthesize replacement D1 protein (19, 20) . The light-limited rate of oxygen evolution by the samples was measured at intervals during this treatment (Fig. 3) . The extent and rate of photoinhibition exhibited by both strains Table 3 Proc. Nati. Acad. Sci. USA 89 (1992) did not significantly differ, suggesting that FeSOD plays no role in protecting PSII from photoinhibition by strong light.
DISCUSSION
In this study we demonstrate the removal of FeSOD from an oxygen-evolving photosynthetic organism that remains viable when provided with supplemental inorganic carbon. Enzyme-activity assays indicate that the sodB mutant does not have significant FeSOD activity in its soluble protein fraction. MnSOD activity is present, however, in the membrane fraction of both wild-type and sodB strains. The presence of low levels of MnSOD in the thylakoid membranes of several cyanobacterial species, including Anacystis nidulans, has been demonstrated immunologically (5) , and the enzyme has been purified to homogeneity from P. boryanum (16 both PSI and PSII could be promoted by damage elsewhere in the electron transport system, such damage being greater in the sodB strain, owing to the absence of FeSOD.
The effect of oxygen and weak light on variable fluorescence in fluorescence state 1 was substantially greater in the sodB mutant than in the wild-type strain. This result is, at least partially, due to the complete disappearance of the state 2-to-1 transition in the sodB mutant. In cyanobacteria, the state 2-to-1 transition is driven either by cyclic electron flow around PSI (15) Conversely, the sodB mutant showed decreases in not only the dark reduction rate but also in the oxidation rate of P700 and in the quantity of oxidizable P700. Additionally, the decrease in the dark reduction rate of the sodB mutant was significantly greater than that observed in the wild-type strain. As was discussed for PSII, these effects on PSI could occur by direct action of O°, via formation of hydroxyl radicals, on PSI components. Alternatively, they could also occur indirectly by the increased formation of singlet oxygen in the PSI antenna due to the inactivation of electron acceptors of PSI by hydroxyl radicals. These two possibilities were distinguished by the addition of methyl viologen to the treatment, which catalyzes 02 photoreduction while minimizing formation of singlet oxygen by acting as an electron acceptor for PSI. Treatment with methyl viologen markedly decreased the rate of dark reduction in both strains, but the reduction was greater in the sodB mutant. Conversely, the methyl viologen treatment had no negative effect on the quantity of oxidizable P700 or on the oxidation rate in either strain. These results indicated that the negative effect of elevated 02 (without methyl viologen treatment) on the quantity of oxidizable P700 and on the rate of its oxidation in the sodB mutant was from the destructive effect of singlet oxygen on the antenna and reaction center of PSI. The decreased dark reduction rate in both strains, however, was the direct effect of hydroxyl radicals on electron transport. at P700. Therefore, in the present study, the component damaged by oxygen treatment appears to be in the return part of cyclic electron flow around PSI, between the iron-sulfur proteins of PSI and cytochrome f, most probably in the cytosol where FeSOD is present in the wild-type strain (Table 1) (7). Ferredoxin is a possible damage site because it not only reduces 02 to 0-, but its iron can catalyze the formation of hydroxyl radicals via the Haber-Weiss reaction (3) .
The presence of MnSOD in the thylakoids of both wildtype and sodB strains affects the interpretation of data presented in Fig. 3 , in that 0°cannot be ruled out as a possible agent of damage to PSII by strong light. Equal sensitivity to photoinhibition ofPSII by strong light in the two strains indicates that FeSOD does not protect against such photoinhibition. The possibility remains, however, that°2 generated within the thylakoid membrane may be the agent of damage because Oj in the thylakoids would be quenched equally by MnSOD in both strains. 
